Objectives-To study the absorption of inhaled hydrogen fluoride (HF) by measuring plasma fluorides and HF concentrations in the breathing zone during exposure to HF. A possible dose-effect relation was investigated by following airway symptoms and lung function-that is, forced expiratory volume in one second (FEV1) and forced vital capacity (FVC) during and after exposure to HF. Methods-20 healthy, male volunteers were exposed for one hour to constant HF concentrations that ranged from 0-2 to 5-2 mglm3; these concentrations are known to occur among potroom workers in the primary aluminum industry. Plasma fluorides were analysed before, during, and after exposure. Symptoms from the eyes and the upper and lower airways were registered and graded from 1 to 5 with a standardized questionnaire. Results-The total symptom score was significantly increased at the end of exposure for all the subjects as a group (P < 0.01) and for the group exposed to HF below the present Norwegian standard for total fluorides 0-6 mglm3 (P = 0.05). No change was detected in FEV1, although a significant decrease was found in FVC in the group exposed to fluorides below the hygienic standard (n = 9) and for the entire group (n = 23). Almost all the symptoms had disappeared four hours after the end of exposure. Symptom scores from the upper airways were significantly correlated with the HF concentration (r = 0-62, P = 0.002), the change in plasma fluoride concentration (AC) (r = 0.51, P = 0.01), and the maximum plasma fluoride concentration (C..) (r = 0-42, P = 0.05). A significant correlation was also found between the total symptom score for airways and the HF concentration. Conclusions-The present study showed a strong relation between inhaled HF and concentrations of fluoride in plasma. Upper airway and eye symptoms occurred after one hour of exposure to HF even when below the Norwegian hygienic standard for fluorides.
from the eyes and the upper and lower airways were registered and graded from 1 to 5 with a standardized questionnaire. Results-The total symptom score was significantly increased at the end of exposure for all the subjects as a group (P < 0.01) and for the group exposed to HF below the present Norwegian standard for total fluorides 0-6 mglm3 (P = 0.05). No change was detected in FEV1, although a significant decrease was found in FVC in the group exposed to fluorides below the hygienic standard (n = 9) and for the entire group (n = 23). Almost all the symptoms had disappeared four hours after the end of exposure. Symptom scores from the upper airways were significantly correlated with the HF concentration (r = 0-62, P = 0.002), the change in plasma fluoride concentration (AC) (r = 0.51, P = 0.01), and the maximum plasma fluoride concentration (C..) (r = 0-42, P = 0.05). A significant correlation was also found between the total symptom score for airways and the HF concentration. Conclusions-The present study showed a strong relation between inhaled HF and concentrations of fluoride in plasma. Upper airway and eye symptoms occurred after one hour of exposure to HF even when below the Norwegian hygienic standard for fluorides. (Occup Environ Med 1997; 54:32-37) Keywords: fluorides; airway symptoms; lung function Fluorides are used in a variety of industriesfor example, in the production of aluminium, steel, phosphate fertilizers, phosphoric acid, glass, ceramic, and brick products. Fluorides may therefore appear as pollutants emitted into the air in the working environment and outside the workplace. Although new technology and improved occupational hygiene programmes have reduced air emissions, fluorides are still one of the main environmental problems in the primary aluminium industry. Epidemiological studies of aluminium potroom workers have shown an association between exposure to fluoride and the occurrence of asthmatic symptoms.1 Pollutants from the aluminium industry may also influence the respiratory health of the general population. Recently, S0yseth and coworkers found a significant association between air pollution and bronchial hyperresponsiveness in children living in the vicinity of an aluminium plant. 2 Hydrogen fluoride (HF) is one of the main gaseous fluoride components in the working environment in the primary aluminium industry. It has been shown to cause inflammatory responses in the lower airways of healthy volunteers after one hour of exposure in concentrations that usually occur in the aluminium industry (< 5 mg/mi).' Machle and coworkers have described exposure to 26 mg/mi for three minutes that induced lower airway irritation and mild symptoms from the eyes and nose. After accidental exposure in which the actual exposure concentrations were unknown, features such as chills, fever, chest tightness, cyanosis, pulmonary oedema, and pulmonary haemorrhagic oedema are described.5 6 On the basis of animal studies, Machle and Kitzmiller7 found concentrations of up to 15-2 mg/M3 to be tolerable, but human exposure to lower concentrations of HF (< 1 6 mg/M3n) has been reported to cause symptoms of the upper airways.89
Ehrnebo and Ekstrand'0 followed the exposure to fluoride and the corresponding plasma concentrations in 41 workers in an aluminium plant during a period of eight hours. They found a significant correlation between the amount of gaseous fluoride and both the area below the plasma fluoride time curve and the amount of fluoride excreted. However, quantitative information on the relative absorption from inhaled HF is lacking-such as defined concentrations of HF in the inhalation zone and the resulting concentrations of fluoride in plasma in humans as well as threshold values for airway symptoms.
The objective of the present study was therefore to study the absorption of inhaled HF by means of concentrations of fluoride in plasma and HF in the breathing zone during exposure. Also, the effect of exposure to HF on airway symptoms and spirometry, as well as a possible dose-response relation, was investigated.
Material and methods

SUBJECTS
Twenty healthy, non-smoking male volunteers, aged 21-44 years, participated in the study. They all gave written informed consent and the study was approved by the local ethics committee. All the subjects underwent a physical examination including a chest radiograph. Subjects with any history of airway infection during the six weeks before the start of the study or during the study period, or with a history of asthma were excluded. Two subjects had hay fever and one of them showed an increased total IgE value of 210 kU/l (upper normal value 122 kU/l). Another subject also had an increased total IgE (220 kU/l) without having a history of allergy. The rest were not atopic or allergic. No one had any history of serious respiratory illness or had been previously exposed occupationally to fluorides. All the subjects had a normal ECG on bicycle ergometry (75 W for 15 minutes). Haemoglobin, sedimentation rate, leucocytes, platelets, eosinophils, electrolytes, and liver function tests were within the reference range.
CHEMICAL AND PHYSICAL PROPERTIES OF HYDROGEN FLUORIDE
Hydrogen fluoride is a colourless gas with a pungent smell. It is highly water soluble and, although weakly dissociated in water, is a strong proton donor in the class of superacids. It was prepared by the dynamic dilution of HF from pressurised gas cylinders (40 dmi, 150 atm, 318-4016 mg/mi). The cylinders were certified according to calibration standards. The producer (Messer Griesheim, Germany) states the accuracy of analysis to be better than 3%. The exposure to HF took place in a specially designed chamber.
INHALATION CHAMBER
The chamber had a volume of 19-2 ml (2-50 m x 2-77 m x 2-77 m) with an air lock and an observation window. The chamber was constructed of extruded aluminium alloy profiles, AA 6082 quality (98% Al, 0 5% Mg, 1% Si) for the load bearing constructions and AA 5052 (97% Al, 2-5% Mg) for the plates. The ceiling and floor were made of perforated plates which could be removed and the chamber was equipped with a water tap and a drain for cleaning purposes. The pressure inside the chamber was kept lower than outside it to avoid polluting the laboratory area.
ADMINISTRATION OF HYDROGEN FLUORIDE
The HF was passed directly from gas cylinders into the ventilation duct feeding the chamber through specially made orifices. The gas was regulated with orifices of different sizes and by the pressure of the gas (10 atm). The gas was fed into the ventilation duct countercurrent to the airflow to induce turbulence and promote the mixing of the concentrated gas into the air. Low gas flow (from 0-1 dm'/min) and high pressure (2-10 atm) demanded orifices with diameters as small as 50 ,m which were carefully drilled under observation with a microscope. All gas tubes, regulators, tubes, and orifices were of ANSI 316 quality (17% Cr, 12% Ni). The gas flow was measured by a mass flowmeter (top-trak 821-SS, Sierra Instruments, USA).
The subjects were divided into three different groups according to their exposure to HF; < 0-6 mg/M3 (current Norwegian hygienic standard value for total fluorides), 0-7-2-4 mg/M3 (intermediate level), and > 2-5 (former Norwegian hygienic standard value, until 1990)-5-2 mg/M3 (table 1). These exposure concentrations have been shown to occur in workplaces at aluminium smelters."
SAMPLING AND ANALYSIS OF HYDROGEN FLUORIDE
Fluoride exposure was precalculated approximately. The exact exposures used in the analyses were determined by analyses of fluorides absorbed on cellulose pads impregnated with sodium formate. The filters were kept in a standard aerosol sampling cassette with AFC 123 personal sampling pumps (Casella London, England) at a flow rate of two dm3/min and air was collected from the breathing zone during the exposure. The HF was desorbed from the filters and analysed with a fluoride selective electrode.'2 The exposure to HF was kept constant as continuously measured by a Sensidyne XP-R electrochemical sensor (Sensidyne, USA).
INHALATION PROCEDURE
After equilibration of the gas concentration in the chamber, the subjects entered the chamber and were exposed for 60 minutes. For the first 45 minutes, the subjects rested and they then had a 15 minute fixed working load of 75 W on a bicycle ergometer. Each subject was exposed to a constant concentration of HF within the range 0-2-5-2 mg/M3n. The subjects were exposed once, apart from three, who were exposed twice, three months apart. As HF is absorbed by clothes and hair, the subjects were dressed in overalls and helmets to minimise any systematic bias that could be introduced by differences in absorption. Figures 1 and 2 show the increase in concentration of fluoride in plasma in seven subjects exposed to 0-7-2-4 mg/mi HF and seven subjects exposed to 2-5-5-2 mg/mi HF for one hour. In the group with the exposure range of 0-2-0-6 mg/M3 HF (n = 9), no increase in plasma fluoride could be detected, but baseline concentrations of fluoride in plasma (C0) were significantly higher in this group than in the other two groups. A significant increase in concentration of fluoride in plasma (Cm.) occurred in the groups exposed to 0-7-2-4 and 2-5-5-2 mg/M3 HF (table 1). At exposures between 0 7 and 2-4 mg/M3, Cm. was registered 60 minutes after the start of exposure in three subjects, 90 minutes in three subjects, and 120 minutes in one subject (fig 1) . Among the subjects who were exposed to over 2-5 mg/M3, five had Cmar 60 minutes and two 90 minutes after the start of exposure (fig 2) . The plasma concentration then declined but was still high 180 minutes after the start of exposure compared with baseline in all subjects but one (figs 1 and 2). Figure 3 shows the correlation between the concentration of HF in the inhaled air and the increase in fluoride in plasma (r = 0 95, P < 0 001)-that is, the difference between baseline and maximum concentration of fluoride in plasma (AC).
In a linear regression analysis no association between FVC or FEVy and plasma fluoride Exposure to hydrogen fluoride: an experimental study in humans of concentrations offluoride in plasma, symptoms, and lung function 
CLINICAL SYMPTOMS
Five subjects reported minor symptoms on the questionnaire before exposure, although they denied having such symptoms at the clinical examination and they had no clinical signs before entering the chamber. Three of the subjects reported very mild coughing or expectoration (score 1), and one subject reported coughing, expectoration, and itching of the nose and throat (total score 3). One subject reported coughing and itching from the nose and throat, both of which were given a score of 2 on the questionnaire, total score 4. The total symptom score was significantly increased after 60 minutes of exposure (table  2) Norwegian hygienic standard for total fluorides (0-6 mg/M3), there was also a significant increase in the reporting of symptoms (total symptom score) at the end of exposure (P < 0 05). Symptoms from the upper airways were the most pronounced, and a significantly higher prevalence of total symptom scores and symptoms of the upper airways was found for exposure to HF over 2-5 mg/M3 compared with 0-2-0-6 and 0-7-2-4 mg/M3 (P < 0-01; Kruscal-Wallis). Symptoms from the upper airways dominated after exposure to HF in the highest dose range (P < 0-05) and the same trend was found among the subjects in the lowest dose group (P = 0-06). Lower airway symptoms were not reported to a significant degree in relation to exposure to HF.
The FEV, did not change during exposure, although a significant decrease in FVC was Table 2 Symptom scores and lungfunction before and at the end of exposure for different doses of HF found in the group exposed to less than 0 6 mg/mi HF (P < 0 01, table 2). Figure 4 shows the mean symptom scores from the eyes and the upper and lower airways separately and the way they change in relation to exposure. The subjects mainly reported symptoms of the upper airways and a maximum score was recorded at the end of exposure. Almost all the symptoms had disappeared four hours after the end of exposure. One of the subjects reported chest tightness related to the exposure after half an hour, at the end of exposure, and four hours after the end of exposure (max score 1.5).
There 
Discussion
The present study has shown a strong correlation between the concentration of HF in the inhaled air and concentrations of fluoride in plasma. Exposures above 2-5 mg/M3 were associated with pronounced symptoms from the upper respiratory tract.
Exposure to HF above 0-6 mg/M3 resulted in an increase in plasma fluoride. These results confirm similar findings in studies of rats. Morris and Smith" reported a correlation between concentrations of airborne HF and plasma fluoride in the upper respiratory tract of exposed rats. They also found that more than 99-7% of the HF inhaled into the upper respiratory tract was rapidly removed from the air stream and absorbed into the systemic circulation. However, no information on the exact site of the fluoride absorption seems to exist. Both high reactivity and high solubility are needed for the fast and effective removal of a gas from the air stream in the upper respiratory tract; HF has both these properties as it is a weak acid (pKa = 3 45) and is ionised at physiological pH.'6 This may explain the high degree of bioavailability and the rapid rise in the concentration of fluoride in plasma found in our study.
The subjects had different baseline concentrations of fluoride in plasma before the start of exposure (C0) and there may be several reasons for this. They met at 8 00 am and had no food restrictions. No guidelines were given on the use of fluorinated toothpaste, which strongly influences the individual baseline concentrations of fluoride in plasma. This may explain the high background concentrations recorded (table 1) and is probably one of the reasons why an increase in plasma fluorides was not found after exposure to HF at the lowest dose. Another explanation may just be a normal variation within the reference range.
Most of the symptoms which were reported came from the upper airways. This is in line with findings from both animal and human studies.4917 After the accidental release of HF from a petrochemical plant in Texas, subjects admitted to hospital presented with eye irritation (41 5%), burning throat (21%), headache (20*6%), and shortness of breath (19*4%).'1 The individual exposure concentrations were not estimated, and a threshold for the appearance of symptoms was not indicated. The report did, however, suggest that symptoms of the upper airways were predominant after "diluted" exposure to HF.
This phenomenon of symptoms mainly from the eyes and upper airways is described for other highly water soluble gases as well. In human experimental studies of exposure to SO2, Sandstr0m and coworkers'9 found a dose-dependent increase in nasal irritation and significantly more irritation of the throat during exposure at 5 mg/M3 than before it.
As the present study was not blind, the different symptoms may have been overreported. The dose-response relation is, however, not likely to be biased as the exposed subjects were not aware of the concentrations of HF and the dose-response trend indicated that the high symptom scores registered at fairly low concentrations of HF are not only caused by systematic overreporting.
The symptoms of the lower respiratory tract were mainly coughing and expectoration. As HF is a highly water soluble gas, it is remarkable that lower respiratory symptoms occurred at low exposures. As described in animal studies, the distribution and absorption of HF will probably depend on the inhalation route (the degree of nasal versus mouth breathing). '520 This could imply that the absorption is different in humans, and a higher degree of mouth breathing because of physical activity (bicycle ergometry) will probably permit transport of HF further into the bronchial tree and might explain our findings. The regular use of airway protection even at low exposures is therefore recommended as previously suggested by Ehrnebo and Ekstrand.10 The reduction in FVC in the group that was exposed to the lowest dose of HF and for all the subjects as a group may show minor obstruction in the periphery of the lungs which could be theoretically explained by "air trapping" distally in the airways. Hjortsberg et al found the same mechanism after exposure to potassium aluminium tetrafluoride."7 However, the lack of significant change in FVC at higher concentrations of HF weakens the implication of this finding. No one in this study had obvious signs reflecting bronchial constriction.
In conclusion, the present study showed a strong dose dependent relation between concentrations of inhaled HF and plasma fluoride. Among the subjective symptoms that were registered during the 24 hours after one hour of exposure at low doses of HF, symptoms of the upper airways and eyes dominated and appeared even at concentrations similar to those occurring in the work atmosphere of primary aluminium production. According to our findings, the concentrations of HF should be kept well below 2'5 mg/M3 to avoid symptoms of the upper airways and eyes.
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